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ABSTRACT 

Tm recent years at the J. S. Naval Pestgraduate School, © wiert 
deal of interest has been exhibited im the use of hydrogen-oxvgen exp lo- 
sions im semfi-enclesed chambers as an underwater acoustic signal cource. 
The basic intent of this thesis was an investigation of the amount of 
acoustic energy available from such a controlled explosion and its de- 
pendence on various mixtures of gas, including excess amounts of hydro ~ 
gen, oxygen and nitrogen. 

The low energy yields obtained were both unexpected and disappoint- 
ing anc the efficiency cf conversion from chemical to acoustic energy 
was astonishingly low; so low that the value of the process 43 a source 
of acoustic signals is considered to be of doubtful significance, 

Frequency spectra and time domain photographs of each explesion 
and 4 short section on variation of energy with depth of explosion 


are included, 


ii 





TABI OF CONTENTS 


Cha ste ¢ Tit Le 
1, Int rodnet ion 

fe Equipment and Measurements 

ae Pesults 

oe Cane lusions 

Le Fecommendat Lons 
Bibliography 
Appendix 

I Gas Volume Measurements 

tT Sampling Technique and rnergy Computation 

Ire A Tabulation of all Shets, Time Domain Phetographs 


and Frequency Spectra 


ry Caleulation of Chemical Energy 


Lift 


ip 
0 


2 


esd 
m4! 





L, Imtroduct ion, 

This thesis was undertaken as a direct follow-up of some of the re- 
commendations made in theses completed at the Naval Postgraduace School in 
1960 and 1961. /1/, /2/ 

Since the work done in these theses indicated that explosive mixtures 
of oxygen and hydrogen could be obtained by controlled electrolysis in 
sea water and that a judicious choice of chamber size and shape, ex- 
plosive mixture, quantity and type of excess gas and depth could reault 
in acoustic signals of discrete bandwidth, it was felt by the authors that 
further investigation of thie methed of generating acoustic signals could 
yield important results, 

The authors decided that the field of acoustic energy measurement was 
most important since it would lead to a knowledge of the actual acoustic 
energy available and to a determination of the chemical to acoustic energy 
conversion efficiency, In addition, this area of study would provide 4 
method of determining the most efficient mixture, the best shape of trans- 
ducer and any changes in mixture which might be required, eas a function of 
depth, to maintain efficiency. 

Due to problemi encountered in the calibration of hydrephones, in 
devising a wethod of positioning the hydrophone with respect to the trawa- 
ducer without inducing secondary effects in the system and, in no small 
degree, to poor weather conditions over a large part of the peried avail- 
able for experimentation, {t was not possible to investizate all of theses 
parameters. Since a simple transducer waa available from previous ex- 
periments, /2/, it was used in this experiment with the intention of modi fy- 
ing it as results and developments dictated. Due to the problems previous- 


ly mentioned, no changes were made and the results presented in this thesis 





are for this traasducerx only. 

In conducting the experiments, a hydrophone was connected t9 a tape 
recorder which received and stored the signal for later analysis in the 
laboratory. Analysis wes carried out using a spectrum analyzer and osclil- 
loscope for frequency and time domain studies. The acoustic energy wes 
calculated by a time sampling technique with voltage ordinates cbtained 
from the expanded trace of the memoecope and converted to pressure ordinates 
through a knowledge of the characteristics of the hydrophone and tape record- 
er. The equipment, the techniques used, and the calibration procedures 
followed are more fully discussed in the Appendices. 

It would not be possible here to include the names of all who have 
been of assistance to us in obtaining equipment and providing guidance and 
advice. We do, however, wish to extend our thanks to Professor C. F. Klar 
for assistance with the energy calculation method, to Professors L. E. 
Kinsler, 0. B. Wilson and D. A. Stentz for helpful suggestions, ta Professor 
C. E. Mennecken for arranging the loan of the spectrum analyzer, and to the 
First Lieutenant, LCDR W. E. Walkup, who provided the boat and crew without 
which it would not have been possible to conduct the experiments, Special 
thanks go to the men of the boat crew and technicians of the electronics 


staff whe worked for us under sometimes adverse conditions at sea, 
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(2) Transducer, Gas Measurement and T 


Aa mentioned, the explosive chamber (transducer) was available 
from previous experiments, /7/ The transducer is shown in Fig. 1}. 

The gas volume measurement precedure used wae identical with 
that employed by previous experimentere /2/ and the calibration curved 
for the regulator valwee used are given in Appendix fT, 

Tgnieion of the explosion wae accomplished by placing tro six 
velt d,c, batteries in series across a resistance coil im the exploaive 
chamber. Firing current varied from 10 to 12 emperes. Ignition time 
varied from 8 to 20 sec and seemed to be an increasing function of the 
amount of excess gas. 

(dD) Hydrophone 

The hydrophone used was a BICR3a for which a calihration curve 
was available from 40 cps to 600 cps when used with 35 fe of 2 conductor 
shielded cable. Since an additional 200 ft of cable had to be added tw 
this short cable to reach the depths at which the tests were conducted, 
reciprocity calibrations were attempted, in a tamk, at several freguen- 
cies between 50 and 600 cps, As might be expected, difficulties were 
encountered with standing waves and accurate results were not obtained. 
However, with the results that were obtained and by comparigon through 
the substitution method with an ML155 hydrophone, for which 4 calibra- 
tion curve was available, a figure of -35 db re 1 volt per microbar was 
ebtained for the frequency range of interest. This compared with -8!.5 ib 
re 1 volt per microbar given on the calibration curve end seems entirely 
reasoneble in view of the extra length of cable involved, This figure 


of -@5 db re 1 volt per microbar was used aa the hydrophone response in 
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ALL calculations. 
{c) Eydrophone Posit loning 

In measuring the acoustic energy available from an explosten 
it is necessary to fix the hydrophone at a known distance frem the source 
of the explosion. It is also important to know whether there is any direc~ 
tionality in tha propagation of the sound due to the transducer configura- 
tion or other factors, If measurements could be made at several fixed 
angles relative to the transducer while maintaining a fixed distance irom 
it, any directionality present in the signal should be apparent, An attempt 
was made to meet these requirements by fixing the hydrophone to the end of 
a boom, the other end of which was pivoted at the suspension point of the 
transducer, | 

Unfortunetely, it was found that with a free hanging traneducer, 
as was used in these experiments, the presence of the boom had an effect on 
the explosion and that this effect varied with the position of the boom. 

For instance, high frequencies (3-4 Kes.) were observed in the output when 
the boom was vertical or close to vertical which were not present when the 
hydrophone was placed in the same position by tying it to the suspension line 
and removing the boom, This indicated that the boom was excited to longi- 
tudinal vibration by the force of the explosion and that the high frequencics 
came from the boom and not the transducer. The boom was therefere discarded 
and another approach te the problem of directionality was made, 

The hydrophone was attached to a length of line which was secured 
to the suspension cable of the transducer; sufficient tension was placed on 
the hydrophone cable to insure that the hydrophone to transducer spacing was 
Approximately the length of the line. In this way the hydrophone was posi- 
tioned at several different though unknown angles with respect to the trans- 


ducer. When the output wave forms of explosions with the hydrophone direct ly 
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exceptions, contained no frequencies abovwa O(0 cps. Since it is kmown thay 
little directivity can be expected from any device whose physical diweneiens 
are less than one guarter wave length, (approx, 100 tnches at 507) cps im sea 
water) it was apparent that the 7-1/2 inches diameter by 12 tnehes lens t rans= 
ducer could not direct the sound. Om this premise, the transducer wea treat- 
ed as a point source, radiating seund uniformly {nm all diractions, and -) 1 
measurements were made with the hydrophone secured to the transducer sut- 
pension line at a point 20 fe abeve the center of the transducer, 

(d) Recording Systen 

Since an open boat without aa electric power plemt was emp leyer 
as a platform from which te conduct the attual explosions tin deep water, i¢€ 
was not possible to tuke analysis equipment along. Instead, © awall 12 volt 
d,¢. to 117 volt 60 ces rotary <ccnverter was used to supply an Ampex 600 
Tape Fecorder, on which all explosions were recorded, 

The tape recorder had a relatively small dynenfic range (ahour 2° 
db) and care had to be taken not to overload the input amplifier, “Wheneve: 
overload did occur, the shot was repeated at a lower inpee lewel, Vape re- 
corder gain characteristics were investigated as a function of input level 
and are given in Fig. 2. In all caleulations gaine of 12, 18, and 24 db we 
were used for microphone input levels of 3.0, 3.5 and 4.0 respectively, 

(e) Analysis 
Analygis ef the recorded explecion waveforms was carried out tn 


both the time and frequency domains. The output of the tape recorder, 


properly terminated im 4a 600 cha lead, was fed to a Meshes "Mewoscope” 
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in order ta obtain yvoltave vs time waveforms which could be converted to 
pressure vs time through a hnewledgs of the tape recorder and hydrophone 
response charscteristics. 

Using sampling theory, it wae possible to calculate the acoustic 
energy generated by each explosion from the preseure vs time waveforms. 
Appendix II gives the theory and an illustration of the technique used fn 
these calculations, 

The output of the tape recorder was also fed to a Kay Electric 
“VYibralyzer” from which an amplitude vs frequency spectrum was obtained, 
usually from 5 to 250 cps but occasionally 5 to 500 cps when the spectrum 
spread beyond 250 eps. It was not possible to calibrate the Vibralyzer 
so as to give absolute intensity levels, due to the complicated interaction 
of the record level, reproduce level and mark level controls but relative 
amplitudes of prominent components could be determined. The amplitude 
scales on the spectra in Appendix IV are therefore plotted in db below 
the amplitude of the peak ccmponent, 

It may be noted in many of the time domain photographs, most 
noticeably fin number 22, that a high Frequency component is present during 
portions of the output pulse. The frequency of this component was deter- 
mined to be about 2 Kes which is the frequency of “ringing” of the trans- 
ducer itself when partially filled with gas, suspended just below the sur- 
face and hit with a hammer. Since this component is insignificant in 
nearly all cases, it was ignored in computing the energy content of the 


Output waveforms. 
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At the beginning of the tnveseigation, it was known /2/ that the 
amount of gas in the chamber over and above the amount that would recombine 
in the explosion was one of the factors controlling the width ef the spec- 
trum that would be obtained. It was also implied, if not stated, that the 
acoustic energy available from the explosions in the transducer was quite 
large. /1/ This assumption was later proven to be invalid; but the investi- 
gation began with it as a basis with the intent of measuring thie energy, 
investigating any directionality of the transducer as a neceséary adjunct to 
measuring the energy and computing the chemical to acoustical energy con- 
version efficiency. 

As the investigation progressed, results were obtained which indicutad 
that not only the amount of excess gas but, to some extent, the nature of 
the excess gas was a parameter affecting the acoustic energy content ot che 
explosion. The authors decided at this point te concentrate their efforts 
in this area and to attempt to determine as nearly as possible the mixtmwre 
at one depth which would produce the maximum ecoustic energy. 

A transducer depth of 200 ft and a water depth always im exces? of 400 
ft were selected to minimize surface and bottom reflections. Numerous ex- 
plosions were set off with varying amounts of pure hydrogen, oxygen amd pi- 
trogen es the excess gas and additional shots were made with various six<- 
tures of these gases as excess. During this series of shots, one liter of 


combustible mixture (0.33 liter 0, and 0.67 liter H,) was maintaine. 


2 
The end resuits of the investigation can best be appreciated from a 
study of Figures 3, 4, and 5, waich show curves of acoustic energy aq 4 


funeticn of quancity of excess gee for pure hydrogen excess, pure nit rogen 


excess, anc various mixtures of excess respectively, It fe imnedistely 
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obyious that the sddition of exceas eas affects the scoustic soutout andi 
that peak acoustic output occurs for ratios of excess gas to explosive 
mixture betveen 1,5:1 amd 2:1, This peaking effect correlates to gone exe- 
tant with detonation velocities for mixtures of these same gases given on 
page 80, Underwater Explosions by R. H. Cole /3/, 

The most surprising reeult of the investigation, was neither that 2 
peak did occur nor that it occurred where it did, but that the acoustic 
cutput at this peak was so small. When it is considered that over 7006 
joules of free energy fa available in the recombination of the gases in- 
volved, (see Appendix IV) the conversion of less than one joule to acous- 
tic energy given a conversion efficiency in the neighborhood of 1/100 of 
ene percent, When it is further considered that the spectra obtained in 
the region of maximum efficiency are relatively broad compared to the nar- 
rower spectra obtained with less efficient explosions, it is apparent that 
the requirements of high acoustic output and narrow spectrum are mutually 
incompatible, at least for the particular transducer used in these tests, 
In any case the very low acoustic efficiency indicates the process is of 
doubtful value as a source of high intensity acoustic signals. 

Although the study of the spectra involved in these explosions haz 
already been well covered /2/, the time domain pictures, frequency spectra 
and a tabulation of accustie energy content are included in Appendix ILt 
for those interested in studying them, Time domain pictures have ordinates 
converted to pressure in hetiokd meta and abscissa given in milli-second:, 
while the frequency spectra ordinates give relative power in decibels below 
the power in the strongest frequency component. 

A brief study of acoustic energy as a function of depth was attempted, 
For a single mixture, shots were conducted at 200, 173, 150, 125, and 160 
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feat, The mixture chosen kad two tltera excess Aydrogen and the reault¢ 
aye pletted in Fig. 6 which indteates that there is no eignificent vwari- 
ation over the range of depths investigated. 

Interesting, though not important, results were obtained in the ex- 
plosions which contained oxygen as the excess gas (Appendix [V), nuwhers 
37 to 41), The pulse was approximately the same pressure level as the 


excess hydregen and nitrogen shots, but was of very short duration, in 


some cases only one or two cycles of osefilation. 
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4. Conelustyos, 

(a) Acoutlic enecey content is a function of axcess gas in the ex- 
pilosive mixture and varies with the nature of the excess gas. 

(b) As a function of the amount of excess gas, the range over which 
maximum accoustic energy is obtained does not correspond with the renge 
over which the narrow bandwidth desired is obtained. Therefere, for the 
transducer used, these two desirable characterietics are incompatibic., 

(c) Chemical to acoustic energy conversion efficiencies are extreme- 
ly lew in the transducer used {in these experiments. Peak efficiency ob- 
tained was of the order of 1/100 of one percent. 

(4d) The efficiency of the process, using bottled gas or in con- 
junction with a hydrolysis process, is so lew that its value as A source 
ef high intensity acoustic signals is extremely doubt ful. 

5. Recommendations. 

(a) No further work should be done in this field at the U. S. Nava! 
Postgraduate School unless theoretical studies indicate a transducer de-< 
sign, gas mixture or detonation method which would improve the conversion 
effictency by at least 3 orders of magnitude, 

(> In the event that further work is authorized, a more suitabla 
boat with an internal power supply and equipped with suitaole pover 


winches should be provided as a platform from which to conduct the feste. 
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APPENDIX f 
GAS VOLUME MEASUREMENTS 
The technique of metering the gaa into the explosive chawher » + 
developed by previous experimenters, /2/ The calibration curves for 
the regulator valves used ere shown im Fiz. 7 where the ordinate ia 
milli-liters of gas and the abscissa is gas pressure in the high pressure 


gauge of the valve. 
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AVFERDTY UT 
SAMPLIOG TOCENTOUEL AND EXERGY COMPCTATEON 

As mentioned in the text and other appendices, the wave forms of 
the explosive afgnals were displayed on the Hughes Memo-scope. Qrdinates 
were then recorded every At seconds where At ie defined as follows; 

Tf amy complex wave form be saupled at a rate such that the number 
of samples is 2T Wei » where wall is the length of the signal if the 
signal is non-periodic and is the period if the signal has periodicity 
and where UY is defined as twiee the highest significant frequenc com- 
ponent, then sampling theory states that the wave form may be rerroluced 
from these ordinates to an excellent degree of accuracy, If we sssume 
that Z| Wis much greater than one then the number of samples hecomes 
2TW and the sampling interval is a , the length of the pulse, divide 
ed by 2TW, the number of sample ordinates; this sampling tuceival is 
that hae which was to be defined. 


From sampling theory we also know that the energy in the pulse is 


Energy = > Ve 


where ~al Vi is the summation of the squares of the several saupled 


given by 


ordinates, Ve - Here the waveform is assumed to be one of voltage and 
also to be taken across a one ohm load. From the gain charecteristics 
of the tape recorder, the response characteristice of the receiving 
hydrophone and spherical divergence for the known spacing between hydro- 
phone and transducer, the voltage ordinates may be converted to acoustic 
pressure ordinates. Acoustic energy in the explosive pressure pulse may 


then be computed from the relation - 


Energy = us se > Pe 
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G20" ¥ os Pp is the suswe@tionm af tie Squacee @ f Che Gvresearye orcid er 
aaa, Pp - the quswt fey Cc ig the accusfic impedence of sea water 
and che term 41. serves to imtegrate over the standard sphere cf one 
meter radius, Here it is assured that there is no directivity, «an 
assumption that {s reasonable for the frequencies fnvolved and one 
that was to some degree verified by observation, 
Now, compute the conversion constant which converts voltage sauared 
to acoustic pressure squared, Assume one volt out of the tape recorder 
at a microphone input level setting of four (24 db gain). The ftnaput 
would then be 24 db below ore volt; and, assuming the receiving hydro- 
phone to be flat at -85 db re 1 vole per microbar, the sound pressure 
level st 20 ft ts 
SPL # -24 - ( -85) = 61 db. 

Allewing for spherical divergence to find the seurce level ( SI j. 
SI. = 61 + 20 leg r . ( £ in meters.) 
SL = 614+ 20 log 6.10 # 76.7 db, 

From the relation between source level and pressure 


SL = 20 log 10 P, (where Py fe acoustic preasure 
in Newtons per square meter. ) 


The pressure equivalent of 1 volt is 


= 684 raytons /Nawees-/v01ts 


a 
squaring this constant yields 
Py = 4,63 x 10° wasPoierimetata Vicolra a 


Similar calculations for microphone input levels of three ¢( 12 db gain 3 


end three and one-half ( 18 db gain) gave ag values for p* and 


P. «x 7,4) x 10° aeiene ires”/volfan, 


z 3 , 2 
P. = 2.72% x 10° WMewtones/meters /volt. 


kl % Z 4 2 
z# 1.876 x 10 Newtons /metersa /voits 


~~ 
Lad TD 


2 
1.368 x 10° Hevtons/wetere /volt. 


a 


mS 
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and 


eae eas aw: At Pp we V 
LNerRy = OC Wrice weNe' ke 
che inststnianeout peak power ig A» 


ss tae 
AW Pace level V 
Peek power = ec oe peak 





A tabulation for aii shets is given ian Appendix TTT. 





AFPENDEIX irk 
& TABULATION OF ALI, SHOTS, TIME DOMATN 
PHOTOGRAPHS AND FREQUENCY SPECTRA 

This appendix is a tabulation ef all shets. Tabie fT ineludes shot 
number, date shot méde, nature and quantity of excess gas, Linstanraneousr 
peak acoustic power «end total acoustic energy. Time domain photographa 
and frequency spectra for each shot im Table —E are also shown, 

In the time domain photographs the ordinate is given in newtons/ 
wate ye per division and the abscissa in milli-seconds per division, 
In the frequency spectra the ordinate is in decibels below the peak 


component and the abscissa im cycles per second, 


in 
Yd 


TABLE YT 
Shot Date Zxcvse Gas [In St ant ancaus T3t al 
of a, N, Feak Acoustic Acausé Le 
Shot eo ee —Enecyy 
1 21 Feb. 3,0 = Jom O51 
Z 7 War. 3.0 = Li 093 
3 7 Mar, 2. : 36.7 5 24H 
4, 13 Mar. Zens = 137 o 458 
5 23 Feb. 2.0 = 88 o 280 
6 7? Mar 2.0 - 107 0 962 
7 13 Mar. 1,75 - 146 690 
8 7 Mar. io = 137 0612 
9 i3 Mar. ba = 146 647 
10 13 Mar. 1.25 - 208.5 2 244 
Ld 28 Feb 1,9 - $5.3 - L9€ 
12 21 Feb, - 3.0 Loja , 066 
13 ? Mar, - 3.0 12.4 e 138 
14 7 Mar, - aS 8,6 aoe 
15 27 Mar. - 2.0 23.0 o 125 
16 13 Mar, = 2.0 29.9 o ane 
Ly, 13 Mar. - 1.75 91.6 0471 
18 7 Mar. - ino 95 omll 
19 13 Mar, - 1.5 87.6 » 209 
20 13 Mar. - 1,25 156 0 918 
21 28 Feb. - 1,0 55.3 ale 
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TARE 2 Ceont. } 











Shot OEE EXCERE TO? Instantaneous Tees} 
ot Rs o, Ny Peak Acoustic Aewust Le 
ange Power Smergy 





ryt 


22 7 Mar. 0.5 - 0.5 40.6 0949 
23 7 Mar. 1.0 - 0.5 102.7 ° 359 
24 ? Mar. 0,5 - 1.0 146.8 » 46S 
25 7 Mar, Nast ~ 0.5 74 » sE4 
26 28 Feb, iO = 1,0 55.3 442 
27 2& Feb, 0.5 = 1.3 39.3 » 283 
28 7 Mar, 2.9 = 0.5 24c2 olGG 
29 7 Mar, Eo - 1,@ 11.75 o 11g 
30 7? Mar, 1,6 = 1.3 39.5 o 130) 
31 7? Mar. 0.5 = 260) 13.8 o lad 
32 7 War, 2.5 = a 8, 34 o 135 
33 7 Mar, 2.0 - 1,0 9.82 0133 
34 7 Mar. 1.5 - i) 8.02 > 120 
35 28 Feb. 1.0 = 2.0 13.8 > 1$4 
36 28 Feb. 0.5 - 2.5 11,1 o O74 
37 28 Feb. - 0.5 1.5 32.4 » 260 
38 28 Feb. - 0.5 2.5 9.82 o 108 
33 28 Feb. - 1,0 1,0 Ie 3 o 198 
40 28 Feb. - 1,0 2.0 6.46 0074 
41 27 Feb. - 3,0 = 9,82 073 
42 21 Feb. - = 2 - = 





Note: All shots contain 0.67 liter H, and 0.33 liter %, im addition to 
excess shown, Shot number 42 not sampled, 
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APPENDIX FV 
CALCULATION OF CHEMICAL ENERGY 

Here it is assumed that the recombination of the hydrogen and oxygen 
takes place in such a manner that gaseous water is formed initially and 
that the heat of combustion of this reaction is the available chemical 
energy. The reaction is: 

Hie HO bx Q 
where Q is the heat of combustion in cal,/mole and is equal to 57,8060 
cal/mole. 

One liter of combustible mixture ( 0.33 0% and 0.67 Ho ) was main- 
tained, Assuming that hydrogen and oxygen are ideal gases ( 22.4 lLiters/ 
mole ), there is 0.0299 mole of hydrogen and 0.0149 moles of oxygen. The 
reaction will yield 0.0299 moles of water vapor and 1728 calories of heat. 
Converting calories to (Gules gives 7260 joules, The value of 7260 joules 
was used as the chemical energy in computing the chemical to acowstic 


energy conversion effictencies. 
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